A heat integrated distillation column (HIDiC) is a new and highly energy-efficient distillation process. In the present work, multiple steady-states in HIDiC are analyzed. In HIDiC, the pressure in the rectifying section is kept higher than that in the stripping section by using a compressor to enhance heat transfer from the rectifying section to the stripping section through the wall. Therefore, an energy balance, particularly the influence of the compressor, must be taken into account for the analysis. In this research, two types of operation policies are investigated: P1) constant compressor power and P2) constant pressure ratio. First, the conditions for making multiple steady-states are derived on the basis of the first principle model of the HIDiC. Then, the analysis results are validated through simulations. The results show that: 1) the instability condition depends largely on the compressor operation policies; 2) in case P1, multiple steady-states appear when the top product is highly pure, the bottom product is relatively impure, vapor flow rate is large, and compressor power is small; 3) in case P2, multiple steady-states appear when the bottom product is highly pure; and 4) multiple steady-states appear in a wider range of operation in case P2 than in case P1.
Introduction
As global warming continues to pose more and more serious problems, the demand to suppress greenhouse gases has increased and led to technological development to achieve energy savings in industries.
Since distillation, which is the most widely-used separation process, is quite energy-intensive and accounts for a large part of industrial energy consumption, the development of an energy-efficient distillation process is crucial.
A heat integrated distillation column (HIDiC) is an energy-efficient distillation column that has the potential for drastically reducing energy consumption (Takamatsu et al., 1996) . The basic concept of the HIDiC is that the heat duty needed in a reboiler and a condenser can be reduced simultaneously by enhancing internal heat integration.
In the last decade or so, basic characteristics and energy savings of the HIDiC have been investigated vigorously. These researches include exergy-based analysis of the energy savings of the ideal HIDiC (Takamatsu et al., 1997) , analysis of energy savings in a multicomponent separation process (Iwakabe et al., 2004) , and detailed design in which the material transfer rate, heat transfer rate, and pressure drop are taken into account (Noda et al., 2004) .
Other critical issues concerning HIDiC are its operability and controllability because internal heat integration and the complex structure of HIDiC might make its operation more difficult than conventional distillation columns. Nakaiwa et al. (1998) investigated the operation of ideal HIDiC that does not have both a reboiler and a condenser. In their work, the top and bottom product compositions were controlled by manipulating the pressure difference and the feed thermal condition, and several control algorithms were compared in performance by using a dynamic model. Liu and Qian (2000) reported the simulation results on dynamics and control of an internally thermally coupled distillation column (ITCDIC), which is basically the same as the ideal HIDiC. They used multiloop PID control, in which the top and bottom product compositions were controlled by manipulating the pressure and the feed thermal conditions. In addition to such simulation-based studies, Naito et al. (2000) investigated a bench-scale ideal HIDiC. To operate the bench-scale ideal HIDiC, two tray temperatures were controlled by manipulating the pressure difference and the feed thermal conditions. They succeeded in operating the bench-scale ideal HIDiC for more than 10 h without a reboiler and a condenser. The recent efforts to investigate dynamics and control of the HIDiC have been reviewed by Nakaiwa et al. (2003) . In addition, Fukushima et al. (2006) investigated and compared the energy savings, dynamics, and controllability of various structures of HIDiCs.
In the present work, the characteristics of HIDiC are analyzed from a different viewpoint; multiple steady-states in HIDiC are analyzed.
The main objective of this research is to derive the conditions for making multiple steady-states appear on the basis of a first principle model of the HIDiC. In addition, the analysis results are validated through simulations.
Dynamic Model of HIDiC
In this section, the structures of HIDiC and ideal HIDiC are shown and the models for simulations are briefly described.
Structure of HIDiC
A schematic diagram of HIDiC is shown in Figure 1 . HIDiC has a compressor and a throttling valve between the bottom of the rectifying section and the top of the stripping section. Vapor rising from the top of the stripping section is pressurized by the compressor and supplied to the bottom of the rectifying section. Liquid flowing from the bottom of the rectifying section is supplied to the top of the stripping section through a throttling valve. The feed is supplied to the top of the stripping section.
In a conventional column, heat is transferred by a reboiler and a condenser. In the HIDiC, on the other hand, the rectifying section and the stripping section are in physical contact, and the pressure in the rectifying section is kept higher than that in the stripping section by a compressor to enhance heat transfer from the rectifying section to the stripping section through the wall. By this internal heat transfer, vapor in the rectifying section condenses and liquid in the stripping section evaporates. As a result, the heat duty needed in the reboiler and the condenser can be reduced and high energy savings can be achieved. Although a compressor is required in the HIDiC, energy consumption by the compressor is less than that reduced in both the reboiler and the condenser. Therefore, the HIDiC is more energy-efficient than conventional distillation columns. Figure 2 shows a schematic diagram of an ideal HIDiC (i-HIDiC) that does not have both a reboiler and a condenser. For the column to operate without a reboiler and a condenser, i.e., to achieve an appropriate heat balance, the feed needs to be preheated before entering into the column. Fukushima et al. (2006) investigated several other structures of HIDiC. An i-HIDiC (HX) is an extension of the i-HIDiC, in which the feed is preheated by distillate vapor (product) to enhance the energy savings. An i-HIDiC (L) is an i-HIDiC with a condenser to improve the controllability.
The present work focuses on the HIDiC shown in Figure 1 .
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Dynamic model
A dynamic simulator was developed by using ASPEN Custom Modeler ® (Aspen Technology, Inc). In the simulation model, the mass balance, energy balance, and pressure drop are taken into account. Changes in liquid holdups are calculated by using the Francis weir equation. The other assumptions are as follows:
1. Tray column is used. 2. Liquid and vapor on each tray are perfectly mixed and in equilibrium. 3. Vapor holdup is negligible. 4. The rectifying section and the stripping section have the same number of trays and exchange the heat between the corresponding trays. 5. Heat transfer is calculated by UAΔT where U is the overall heat transfer coefficient, A is the heat transfer area, and ΔT is the temperature difference between the rectifying section and the stripping section. In the following sections, binary distillation is investigated. The design of HIDiC and its standard steady-state operating conditions are summarized in Table 1 . The pressure at the top of the rectifying section is kept at 0.24 MPa, and the pressure ratio, P ratio , is kept at 2.3 by a compressor. The pressure ratio is defined as a ratio between the pressure at the bottom of the rectifying section and that at the top of the stripping section. At the standard steady-state, these pressures are 0.25 and 0.11 MPa, respectively. Doherty and Perkins (1982) have shown that multiple steady-states never appear in binary distillation with constant molar flow. There exists only one possible steady-state for given reflux flow rate L and boilup vapor flow rate V or any other two independent combinations. However, as pointed out by Jacobsen and Skogestad (1991) , simple distillation columns with ideal vapor-liquid equilibrium may display multiple steady-states. They have reported two different sources for the multiple steady-states. The first type is found for columns with mass or volume inputs such as mass reflux instead of molar inputs. The second type depends on the presence of an energy balance in the model.
Analysis of Multiple Steady-States
In HIDiC, the rectifying section and the stripping section are in physical contact, and the pressure in the rectifying section is kept higher than that in the stripping section by using a compressor to enhance heat transfer from the rectifying section to the stripping section through the wall. The energy balance must be taken into account to analyze HIDiC. Therefore, the second type of the sources for the multiple steady-states is investigated in the present work.
Instability condition
When multiple steady-states appear in distillation, there are two stable steady-states and one unstable steady-state in a specific operating condition. The unstable steady-state is a point at which the process is open-loop unstable. For example, product composition jumps from the value at an initial unstable steady-state to the value at another stable steady-state when nominal perturbation is added to the process. The composition cannot be kept close to the initial value without feedback control.
For distillation columns without multiple steady-states, the mole fraction of the most volatile component in distillate x D is expected to increase when the reflux flow rate L increases and the boilup vapor flow rate from a reboiler V is fixed.
Therefore, a negative slope
corresponds to unstable operating points. This gain can be rewritten as
where D denotes a distillate flow rate.
Since
is always negative (Jacobsen and Skogestad, 1991) , instability occurs when
This condition means that an unstable operating point appears when the increase of L causes the increase of D.
By using the material balance around the condenser
where V T denotes a vapor flow rate from the top tray to the condenser.
Neglecting changes in liquid enthalpy, the following energy balance equation is derived. 
The difference between the instability condition of Eq.
(10) and that derived by Jacobsen and Skogestad (1991) for conventional distillation columns is the third and fourth terms in the right side of Eq. (10), which are related with the heat input from the compressor. These terms depend on the operation policy of the compressor. In the present work, two types of operation policies are investigated: P1) constant compressor power and P2) constant pressure ratio.
Constant compressor power
Under the operation policy P1, i.e., constant compressor power, heat input from the compressor cmp Q is also constant. 
Assuming no multiplicity for the DV configuration implies that
always will be negative (Jacobsen and Skogestad, 1991) . In most systems, (13) shows that instability appears when the magnitude of
is small. This situation happens when the top product is highly pure and the bottom product is relatively impure. Furthermore, Eq. (13) shows that instability appears when V is large and cmp Q is small. These analysis results are validated later through simulations.
Constant pressure ratio
Under the operation policy P2, i.e., constant pressure ratio (P ratio ), the instability condition is given by Eq. 
Case Study
The binary distillation introduced in Section 1 is investigated here again. The design of HIDiC and its standard steady-state operating conditions are summarized in Table 1 . Operating conditions where multiple steady-states appear are searched around the standard steady-state operating condition.
Constant compressor power
The analysis conducted in Section 2 is based on the assumption that there exists no multiplicity for the DV configuration. Figure 3 validates this assumption, and it is confirmed that On the basis of Eq. (13), instability is expected to appear when the top product is highly pure and the bottom product is relatively impure. This reasoning is validated from the simulation results shown in Figure 4 . The instability condition given by Eq. (3) is also validated through Figure 5 , which shows that instability occurs when
In addition, from Eq. (13), instability is expected to appear when V is large and cmp Q is small. This reasoning is validated from the simulation results shown in Figures 6 and 7 . Figure 6 shows the relationship between product compositions and reflux flow rate when the compressor power is made twice larger than the standard condition. Similarly, Figure 7 shows the relationship between product compositions and reflux flow rate when the boilup vapor flow rate is decreased by half. Under these conditions, unstable operating points do not exist and multiple steady-states do not appear.
From the practical and operational viewpoint, the existence of unstable operating points would not be preferable. The results shown in Figures 6 and 7 indicate that the unstable operating points do not appear and multiplicity can be avoided by adjusting operating conditions such as compressor power and boilup vapor flow rate.
Furthermore, there exists no multiplicity in the conventional distillation column (CDiC), which was discussed by Fukushima et al. (2006) . The major difference between CDiC and HIDiC is the use of compressor in HIDiC. The influence of the difference on the multiplicity can be analyzed by focusing on the effect of the terms related with the compressor power in Eq. (10) or (13).
Constant pressure ratio
Under the operation policy P2, i.e., constant pressure ratio, the instability condition is given by Eq. (10) is positive large when x B < 0.001. Therefore, unstable operating points easily appear when x B < 0.001. In other regions, where x B > 0.001, instability would not appear. Figure 9 shows the relationship between product compositions and reflux flow rate under a constant pressure ratio (P2) and constant boilup vapor flow rate. The simulation results validate the above reasoning. In fact, instability appears when x B < 0.001.
In this case (P2), multiple steady-states appear in the region of L = 81.4 to 86.1, which is significantly wider than that in the previous case (P1). This phenomenon is caused by the existence of the third term in Eq. (10).
The results indicate that P1 is preferable to P2 when the unstable operating region should be avoided. However, multiplicity is affected not only by the operation policy but also by control configuration, operating conditions, and design. To improve the operability of the HIDiC or to suggest the specific operation policy, control structure, operating conditions, and design, further investigation needs to be done. This research is the first step to provide useful information for such objectives regarding the multiplicity of the HIDiC.
Conclusions
In the present work, multiple steady-states in the HIDiC are analyzed.
The conditions for making multiple steady-states are derived on the basis of the first principle model of the HIDiC, then the analysis results are validated through simulations. The results show that 1) the instability condition depends largely on the compressor operation policies; 2) in case P1, multiple steady-states appear when the top product is highly pure, the bottom product is relatively impure, vapor flow rate is large, and compressor power is small; 3) in case P2, multiple steady-states appear when the bottom product is highly pure; and 4) multiple steady-states appear in wider range of operation in case P2 than in case P1.
This research shows a possible approach to provide useful information for selecting operation policy, control structure, operating conditions, and design of HIDiC from the viewpoint of multiple steady-states. At this stage, the issues discussed are limited. But, it is expected that further results are provided along this direction and they are useful for enhancing the R&D of the HIDiC. 
